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A novel construct has been developed to induce bone formation within a pedicle 
muscle flap. A critical size defect (20 × 15 mm2) was created in the mandible of 
ten rabbits. The masseter muscle was adapted to fill the surgical defect and a 
combination of calcium sulphate/hydroxyapatite cement (CERAMENT™lSPINE 
SUPPORT), BMP-7 and rabbits’ mesenchymal stromal cells (rMSCs) was injected 
into the muscle tissue. Bone regeneration was evaluated 3 months after surgery. 
Limited areas of bone formation anatomically bridged the defect, despite the new 
bone forming throughout the muscle and within the connective tissue surrounding 
the remnants of the cement. The bone was thicker in the bucco-lingual direction 
compared to the contra lateral (non-operated) side. Quantitative 
histomorphometry assessment showed that the average bone surface area was 
21.2±6.0 mm2, this was significantly greater than that of the contra-lateral non-
operating control side. The calculated amounts of residual cement and soft tissue 
or spaces were 20±12% and 41±10%, respectively. The average mineral 
apposition rate (MAR) was 1.92 µm/day. The findings demonstrated the 
remarkable potential of the use of local muscle flaps for injectable bio-cement 
loaded with BMP and seeded with rMSCs to induce bone formation for the 
reconstruction of bony defects. 
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Figure 1 Summary of the in-vitro and in-vivo research protocol. A) bone marrow aspiration from the 
posterior iliac crest; B) bone marrow aspirate ready for rMSCs isolation, expansion and culture; C) 
Cell suspension prepared for re-implantation in vivo, D) Dissection of the masseter muscle into 
superficial and deep layer; E) Creation of critical size defect of the ramus of the mandible; F) 
Adaptation of the masseter muscle into the  defect and around the titanium plate;  G) injection of  the 
bio-cement; I) Osseo-induction under the effect of cement, BMP-7 and rMSCs; J) Ideal scenario of 
bone  regeneration after 3 months. 
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1. INTRODUCTION 
Autogenous grafts and allografts are the most 
widely used techniques for bone grafting. However, 
these techniques have drawbacks when used for 
the reconstruction of critical sized bone defects, 
including the limited availability, the donor site 
morbidity1,2 and the reported high failure rate3,4. 
These limitations have inspired the search for 
innovative  techniques for bone regeneration. 
Tissue engineering and regenerative medicine 
(TE/RM) strategies have demonstrated significant 
potential to develop substitutes that promote 
endogenous repair mechanisms and functional 
regeneration through delivery of signals that 
stimulate host cells to populate a tissue defect and 
induce the synthesis of a robust extracellular 
matrix5. Successful tissue engineering is dependent 
on the vascularisation of three-dimensional tissue 
constructs6. Tissue regeneration carries a 
combination of physical and biochemical cues 
through the scaffold structures.7 The use of 
osteoprogenitor cells and/or bone morphogenic 
protein (BMP) has been successful in the 
reconstruction of segmental mandibular defects in 
human trials8-10. In contrast, there was a 13.9% 
failure rate in cases where BMP alone was used to 
reconstruct large complex bone defects in the 
maxillofacial region in human trials11. Insufficient 
vascularity has always been the main obstacle in 
the reconstruction of large bony defects. Therefore, 
several strategies have been considered to improve 
the vascularity of the recipient site which included 
the use of vascular endothelial growth factors 
(VEGF), angiogenic proteins and hypoxia induced 
factor-1α12-14. The advanced development of growth 
factor delivery strategies to ensure the sustained 
release of one or more cytokines and enhancement 
of the vascular bed have shown promising results 
with regards to the regeneration of large bony 
defects15.  
Surgeons have investigated other methods to tackle 
the problem of vascularity at the recipient site by 
rotating a pedicled muscle flap, due to its adequate 
and reliable blood supply, to the surgical defect to 
induce bone formation16-18. Muscle has the 
propensity to form bone; it has been shown that the 
inclusion of alloplastic material into skeletal muscle 
induces bone formation in vivo19-21. Recent in vivo 
studies have shown that the structure of the 
alloplastic materials should exhibit microporosity 
and macroporosity to induce bone formation21,22. 
Osteoinduction on the other hand does not seem to 
be substantially related to the material chemistry, as 
various types of bioceramic compositions, including 
calcium phosphates, bioglasses, titanium oxides 
and alumina, have induced bone formation23-25. 
Successful bone formation within tissue using BMP 
has been reported26. The release of cytokines has 
been noted when BMPs were mixed with 
bioceramic based bone cement, these in turn 
promoted the proliferation and differentiation of 
mesenchymal stem cells27-28. 
The rational of this study is that a pedicled muscle 
provides a rich blood supply, essential for bone 
regeneration. We tested the hypothesis that the 
injection of a biocement loaded with BMP into a 
pedicled muscle flap would induce bone formation. 
The second hypothesis was that the injection of the 
cement (calcium sulphate/hydroxyapatite, 
CERAMENT™lSPINE SUPPORT) loaded with 
BMP-7 and seeded with the mesenchymal stromal 
cells (rMSCs) into a muscle flap would induce 
enough bone formation for the reconstruction of a 
mandibular defect in one stage.   
 
2. MATERIALS AND METHODS 
This study was carried out on 10 New Zealand 
rabbits as they provide a suitable model for this 
preclinical study. Approval was obtained from the 
UK Home Office under the Animals (Scientific 
Procedures) Act 1986. Rabbit bone marrow 
aspiration, rMSCs isolation, culture, characterization 
and assessment of the cell-cement interaction 
followed a standard protocol30. The cement used in 
this study was injectable and commercially available 
(CERAMENT™lSPINE SUPPORT, Bone Support 
AB, Lund, Sweden) composed of 60% calcium 
sulphate, 40% hydroxyapatite powder and a liquid 
phase of water and an opacifier (Iohexol).  
2.1 Surgical procedure 
The animals were obtained from a designated farm 
and kept in a dedicated animal house under 
veterinary supervision in the small animal research 
facilities. Each case was premeditated with 12.5 µg 
Fentanyl transdermal patch applied the afternoon 
prior to surgery.  Fentanyl citrate and Fluanisone 
(Hypnorm, 0.5ml/kg) were given intramuscularly 30 
minutes before surgery and Midazolam (2mg/kg) 
was administered intravenously at induction. The 
animals received endotracheal intubation and were 
given Insflurane, nitrous oxide, and oxygen.  
Oxygen saturation was monitored throughout the 
surgical procedure.  A 2 cm right submandibular 
skin incision was performed to expose the angle of 
the mandible. A straight ramus osteotomy was 
performed using a drill and carbide burr, with the 
first cut made 3 to 5 millimetres posterior to the last 
molar tooth and the second cut made 10 mm
 
Table I. The protocol of administration of fluorochrome for bone labeling. 
 
 Bone label Dose Concentration Route of 
administration 
Day of administration from day 
of surgery 
Oxytetracyclin (Enegemycin, MSD 
Animal Health, UK) 
0.5 mg / kg 20 mg / ml S/C 4 weeks 
Calcein blue (Sigma Aldrich, UK) 0.2 mg / kg 50 mg / ml S/C 8 weeks 
Alizarin red (Sigma Aldrich, UK 0.5 mg / kg 30 mg / ml S/C 11 weeks 
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Table II. Qualitative descriptive parameters for 
assessment of H&E stained decalcified sections. 
Description 
Quality of 
union 
Cortex 
development 
Residual 
scaffold 
material 
Inflammatory 
response 
No sign of 
fibrous or 
other union 
Fibrous union 
Osteochondral 
union 
Bone union 
Bone union 
with 
reorganization 
of cortices 
Non present 
in the defect 
Densification 
of borders 
Recognizable 
formation 
Intact cortices 
but not 
complete 
Complete 
formation of 
normal 
cortices 
Large amount 
visible 
Moderate 
amount of 
scaffold 
Small amount 
of scaffold 
No residual 
scaffold and 
some marrow 
element 
Normal 
marrow 
elements 
Severe 
Severe/mode
rate 
Moderate 
Mild 
No response 
 
posterior to the first cut across the ascending border 
of the ramus of the mandible, and extending 
downward to the inferior border of the angle of the 
mandible creating a surgical defect of 20 × 15 mm2. 
The upper border of the mandible was kept intact. 
To maintain the stability of the mandible a titanium 
plate was applied at the inferior border of the 
mandible and secured in place by two screws on 
each side of the defect. The deep layer of the 
masseter muscle was dissected, reflected from its 
insertion, pedicled and adapted into the defect 
created in the ramus of the mandible. The cement, 
1.5 ml CERAMENTTM|SPINE SUPPORT was mixed 
with 0.4 mg /ml BMP-7 (Op-1 Osigraft, Stryker 
Biotech, Ireland) and the mixture was injected into 
the masseter muscle flap. Once the material set, 
which took about 10 minutes, the prepared rMSCs 
suspension which contained three and half million 
cells was injected around the cement (Figure 1). 
This two injection protocol was based on our 
previous laboratory studies to maximize the survival 
of the cells29. The surgical site was sutured in 
layers, the animals followed a standard 
postoperative protocol to minimize infection and to 
reduce postoperative pain. The surgical site was  
 
inspected and cleaned daily. Animals were kept on 
soft food for 3-4 days following surgery. 
Prophylactic antibiotics cover was given using 
Oxytetracyclin 10% injection of 0.2ml/kg.  After full 
recovery, the rabbit was transferred to the normal 
holding cage and 10 ml saline was given S/C to 
avoid dehydration. The activity of the rabbit was 
monitored on a daily basis, as was the site of the 
operation for any bleeding or signs of infection. A 
mushy diet was offered to the animals, non-
steroidal anti-inflammatory 0.16 ml Metacam 
(0.2mg/kg) was given subcutaneous on the first 24 
hours and 2nd post-operative day. 
To assess the magnitude of bone apposition, under 
sedation the rabbits were injected with bone 
labeling materials (table I) following a standard 
protocol (34). The rabbits were euthanatized three 
months following surgery by an overdose of IV 
sodium  pentobarbitone (140mg/kg). The mandibles 
were explanted and the surgical sites were 
examined. Samples were subjected to a 
comprehensive radiological evaluation30 and then 
prepared for histological assessment. 
 
2.2 Histological assessments: 
The decalcified tissue blocks were embedded in 
paraffin wax and 5 µm sections were prepared and 
stained with Hematoxylin & Eosin (H&E). Three 
decalcified histology slides (H&E) per defect were 
examined and quality of the bone regeneration, the 
degree of cortex development, the magnitude of the 
remaining undegraded cement and associated 
inflammatory cells were evaluated (Table I). Bone 
regeneration, quality and graft incorporation were 
scored using a semi-quantitative scale (Table II)31.  
The specimens assigned for undecalcified 
examination were dehydrated in graduated ethyl 
alcohol solutions, infiltrated and embedded in 
acrylic resin (Technovit 7200 VLC, EXAKT, Kulzer 
& Co GmbH, Germany) and photopolymerized. 
From each section, 2 slides were prepared for 
undecalcified section using Goldner’s trichrome and 
Sanderson`s-Van Gieson stain, while one section 
was kept unstained for fluorochrome analysis. The 
percentage of regenerated tissue, residual cement, 
and fibrous/muscular tissue was estimated32. The 
values were compared to the control non-operated 
side. One control specimen was prepared from the  
 
Figure 2. The explanted mandible before histological assessment, the black arrows in figure A point to the area 
of bone regeneration which was examined under the microscope. Figure B shows the upper third (U), the middle 
third (M, marked by a blue arrow), and the lower third (L) that were subjected to decalcified and undecalcified 
histological assessment.  
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Figure 3.  Photomicrographs of decalcified sections stained with H&E demonstrating areas of bone regeneration 
at the surgical defect in four cases, each case is represented by a row of images, with increasing magnification 
levels. An, P, L and B indicate the anterior, proximal, lingual and buccal borders of the defect. Sections A, D, G 
and J (left hand column) show the overall view for the whole defect between the blue arrows. Images B, E, H and 
K at 200 µm magnification show the characteristics of bone regeneration (black arrow). Images C, F, I, L are at a 
higher magnification (100 µm) of the blue boxed areas on sections B, E, H and K. In all the cases the 
regenerated bone was a mixture of mature and immature bone. Reversal lines (black arrows) were seen in some 
cases (section C) which indicate the remodelling process. 
 
bone of the non-operated contra-lateral side of each 
rabbit.  
Mean values for surface area, percentage and the 
SD of bone, residual cement and soft tissue/ 
marrow for the ten experimental samples were 
calculated.  
The percentage bone in each field was calculated 
according to equation 1: 
Percentage bone = (af − (ams + aft ))∑
af∑
×100%     [Eqn 1] 
where af is area of the microscopic field, a is area of 
marrow space and ast is area of the soft tissue.  
The Mineral Apposition rate (MAR) of bone in-
growth between 8 and 12 weeks within the 
injectable calcium sulphate/HA cement implants 
was determined using Equation 233. 
MAR =
0.74 Dx
x=1
x=n
∑
n× t
      [Eqn 2] 
where Dx is the distance between two fluorochrome 
labels in micrometers for each measurement, n is 
the number of measurements and t is the time 
interval in days between the administration of the 
fluorochromes. These measurements were 
performed on both operated and non-operated 
sides. 
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Figure 4. Undecalcified Sanderson’s-Van Gieson 
stained sections of areas of bone regeneration at 
the created surgical defect. A, shows the overall 
view of the surgical defect and the regenerated 
bone (red box) that extended from the anterior 
margin (An) to the posterior border (P) of the defect, 
(scale bar = 4 mm). B) The interface between the 
native and the new generated bone, (scale bar = 
400 µm). C) Higher magnification at the area of 
interest (green box of section B) which shows close 
relation between the cement (black) periosteal 
fibrous tissue (green), muscle fibres (scale bar = 
200 µm). D) Higher magnification of the area within 
the pink box of image C which shows the 
regeneration of periosteum (arrow) covering the 
newly formed bone adjacent to the residual cement 
(black areas) (scale bar = 100 µm). 
 
3. Results 
All the rabbits completed the term of the study; the 
surgical procedure did not affect the welfare of the 
animals. Clinically, fibrous tissue was found around 
the titanium fixation plate. Bone overgrowth was 
observed at the area around the proximal 
(posterior) screw in most of the cases. A thin layer 
of regenerated hard tissue appeared between the 
muscle tissues that emerged from the inferior 
aspect of the graft. An area of whitish rubbery mass 
was observed between the muscle fibres of the 
non-degraded remnants of the injected cement, 
thus the hydroxyapatite phase interspersed with the 
surrounding soft tissue (Figure 2). 
 
 
Examination of both decalcified and undecalcified 
sections confirmed that the magnitude of bone 
regeneration in the defect was varied through the 
sections (Figures 3 and 4) when compared to the 
control non-operated side (Figure 5). Regenerated  
bone was noted at the borders and at the centre of 
the defect. Only few sections showed complete 
bridging of the surgical defect with the regenerated 
bone. Woven bone was detected at the interface 
when union existed between the regenerated tissue 
and the surrounding native bone. (Figure 6A). The 
regenerated bone showed active remodelling with 
the presence of both lamellar and woven bone, 
multiple reversal lines and the presence of 
osteoclasts (Figure 6B). Figure 7 shows the 
regenerated buccal and lingual cortices and the 
intermediate trabecular pattern of the newly formed 
bone (Figure 7). The semi-quantitative examination 
revealed that five of the 10 cases showed 
development of at least one cortex; both cortices 
were noted in three cases. Residual cement was 
seen in half of the examined cases; however, there 
were empty spaces around the newly formed bone 
and between the loose connective tissue which 
might be an area of bone cement that was removed 
during decalcification. The residual cement was 
cellular and showed mild (less than 20 cells) to 
moderate (more than 20 cells) lymphocytic cell 
infiltration. On the other hand, all the examined 
slides showed that at least 20% of the space was 
filled with marrow fibrosis or collagen fibres. Areas 
of calcified tissue were also seen within the residual 
part of the cement (Figure 8). 
 
3.1 Histomorphometry of the Decalcified 
Sections  
The mean percentage bone, residual cement, and 
soft tissue and marrow spaces for the examined 
cases are summarized in table 4. The mean of the 
bone surface area was 21.2% ± 6 which was 
estimated to be 3.6% more than the surface area in 
the non-operated side. Whereas, the estimated 
percentage of bone regeneration, residual cement 
and soft tissue/marrow spaces from all the 
examined slides for all cases were 37% ± 15%, 20 
± 12% and 41 ± 10% respectively as shown in table 
5 and illustrated in figure 9.  
 
 
Figure 5.  Photomicrographs of H&E stained decalcified section of the non-operated side. A) A sagittal section 
through the ramus of the mandible (scale bar = 3 mm).  figure B shows a well developed highly vascular lamellar 
type of bone, osteocytes in their lacunae arranged parallel to bone lamella surrounded with osteoblasts on the 
outer surface (scale bar = 200 µm). Figure C shows bone osteons; the cells in the lacunae were smaller than in 
the contra lateral experimental sites (scale bar = 100 µm). 
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Figure 6. Undecalcified section stained with 
Goldner’s trichrome showing areas of union (red 
box) between the native bone and the regenerated 
bone.  Figure A shows the newly formed bone at 
the inferior border of the defect, the red box is of an 
area of bone union.  Image B is a decalcified 
section of the interface between the newly formed 
and native bone (scale bar = 600 µm) (marked in 
red box), the right image is the magnification of the 
same region (scale bar = 300 µm) which shows 
presence of mixed lamellar and woven bone (red 
arrows), reversal lines and macrophages (blue 
arrow) which demonstrate active remodelling of the 
newly formed bone. 
 
3.2 Dynamic Histomorphometry (Bone 
Calcification Over Time)  
Two of the fluorochrome bone labels were clearly 
observed, those given at 8 and 11 weeks post 
surgery (Calcein blue and Alizarin complex). The 
labels formed concentric lines that were consistent 
with bone osteons or they appeared as parallel lines 
indicating a cortical-type pattern of bone formation 
(Figures 10, 11, 12). Areas of woven bone were 
also noted in the network-like structure visible with 
both staining methods (Figure 4). Variable 
directions of bone deposition were noted in relation  
 
 
Figure 7 Undecalcified H&E stained sections of the 
proximal border of the defect. L, B, P and A refer to 
lingual, buccal, proximal and anterior walls of the 
defect respectively. A) Shows the buccal and the 
lingual cortices (red arrows) of the newly formed 
bone, (scale bar = 5 mm).  
 
Table  III. Semi-quantitative scoring for the 
qualitative assessment of bone regeneration and 
incorporation of the graft. 
 
Description Grade 
Cortex development 
No cortex 
One cortex intact 
Both cortices intact 
 
0 
1 
2 
Residual implant  
No residual implant 
Less than 50% of implant area 
Cement remnant > 50% of implant area 
 
0 
1 
2 
Marrow fibrosis/ Collagen fibres 
No marrow spaces 
>5% occupied with marrow area 
>20% occupied with marrow area 
 
0 
1 
2 
Inflammatory cells 
Less than 20 cells at high power field 
One focus > 20 cells at high power field  
Two or more foci 
 
0 
1 
2 
 
to its location. The calculated mean MAR was 1.92 
± 0.5 µm/day and 1.1 ± 0.08 µm/day for the 
regenerated bone and the control side respectively 
(Table 6). 
 
3.3 Summary of the Results 
In summary, the areas of bone formation that fully 
bridged the gap were limited and the observed new 
bone was throughout the muscle and connective 
tissue surrounding the cement remnant. The bone 
displayed a high degree of remodelling with an 
intricate network of woven bony trabeculae within 
the cement. The bone was thicker in a bucco-lingual 
direction and exhibited more marrow and fatty 
spaces compared to the contra lateral (non-
operated) side. Quantitative histomorphometric 
assessment showed that the average bone surface 
area was 21.2 ± 6 mm2 which was 15.2% more than 
for the bone of the contra-lateral control side. On 
other hand, the calculated percentage of residual 
cement and the soft tissue or marrow spaces were 
20 ± 12% and 41 ± 10% respectively. The dynamic 
histomorphometric analysis showed the average 
mineral apposition rate (MAR) was 1.92 µm/day. 
 
Discussion 
This study demonstrated the potential for injecting 
cement which acted as a bio-scaffold loaded with 
BMP-7 and seeded with rMSC into a muscle flap for 
the reconstruction of bony defects in rabbit 
mandibles. The muscle flap provided the required 
blood supply for bone bioengineering and acted as 
a bioreactor for the rMSCs. In this study two 
possible mechanisms may have contributed to the 
osteoinduction, the surface microstructure of the 
injected cement may have promoted both the 
precipitation of biological apatite and cell adhesion 
onto the surface of the materials34. The 
microporosity which was less than 5 µm in diameter 
might have enhanced ionic exchange with body 
fluids35. Furthermore, the micropores greatly 
enlarge the surface area of the material and this 
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Figure 8 Undecalcified sections (scale bar = 400 µm), stained with Sanderson’s-Van Gieson stain (A) showing 
loose fibrous tissue, and stained with Goldner’s trichrome (B) showing black areas representing the residual 
cement and green areas representing the calcified tissue. C shows areas of calcification (green) present 
alongside the residual cement (black area). 
may have facilitated the adsorption and entrapment 
of endogenous proteins including protein, the BMP-
7, which has a high affinity for calcium 
phosphates36. These proteins on the surface of the 
material could have promoted both the adhesion 
and differentiation of progenitor cells into 
osteoblasts. The osteogenic cells attached to this 
biological apatite layer produced an extracellular 
matrix composed of collagen, non-collagenous 
proteins and growth factors including BMP. 
Secondly, micro particles less than 5 µm could have 
been released around the biomaterial as a result of 
the dissolution of the inter grains in body fluids. This 
release of micro particles provoked an inflammatory 
reaction and the local release of inflammatory 
cytokines (tumour necrosis factor-alpha, 
interleukins-6, 10, -8) which stimulated circulating 
stem cells to differentiate into osteoblastic cells for 
bone regeneration37,38.  
Our results showed that the complete bridging of 
the surgical defect with the newly formed bone was 
only achieved in some cases. This was partially due 
to the physical nature of the injected cement that 
prevented the diffusion of the material at a micro  
 
Table  IV. Summary of the average surface area of 
the regenerated bone in mm2 of the examined 
slides and the percentage of the newly formed bone 
in comparison with the contra-lateral non-surgical 
side. 
 
level between the fibres of the muscle tissue to 
reach the surgical defect. Another factor that could 
have impaired the process of bridging the created 
defect with the newly formed bone was the 
bulkiness of the muscle flap. The muscle tissue has  
obliterated the defect therefore it was physically 
clinically difficult to ensure that the injected scaffold 
had reached the surgical bony defect uniformly. In 
retrospect it might have been useful to reduce the 
thickness of the masseter muscle before adapting it 
into the created surgical defect. However, this might 
have compromised the blood supply to the surgical 
site. It could be also argued that use of a more 
bulky muscle flap would provide more 
osteoprogenitor cells or endogenous growth factors 
to the grafted site. It has been debated that the 
amount of muscle and surface area volume ratio 
would have been a detrimental factor that governs 
the amount of regenerated bone26. It is also 
important to emphasise that the removed bone with 
quite thin, about 1 mm thickness, which added to 
the complexity of anatomically regenerating the 
resected segment. 
Studies on factors affecting bone regeneration have 
shown that several important aspects are crucial for 
this to be achieved successfully including; a  
 
Table V. Summary of the histomorphometry 
measurements at the surgical site showing the 
average amounts of regenerated bone, residual 
cement and soft tissue or marrow spaces. 
 
Case 
number 
Amount 
new bone 
regenerated 
(%) 
Residual 
cement 
(%) 
Soft tissue or 
marrow spaces 
(%) 
151 33 ± 9 32 ± 6 32 ± 7 
152 49 ± 12 23 ± 8 31 ± 16 
214 45 ± 5 9 ± 8 48 ± 12 
215 22 ± 6 12 ± 5 66 ± 32 
216 34 ± 2 14 ± 7 50 ± 5 
217 38 ± 15 30 ± 9 35 ± 11 
218 47 ± 11 8 ± 1 37 ± 3 
239 29 ± 13 33 ± 5 34 ± 32 
240 38 ± 21 22 ± 4 40 ± 18 
241 36 ± 14 25 ± 13 37 ± 23 
Average 37 ± 15 20 ± 12 41 ± 10 
 
Case 
number 
Average 
surface area 
(mm2) 
Percentage 
bone 
formation (%) 
151 20.9 ± 10.2 113 ± 5 
152 12.3 ± 3.4 66 ± 17 
214 12.1 ± 1.2 72 ± 7 
215 10.5 ± 1.6 59 ± 11 
216 8.3 ± 0.9 42 ± 4 
217 10.3 ± 1.5 62 ± 9 
218 47.5 ± 9.6 137 ± 27 
239 17.0 ± 9.2 92 ± 5 
240 35.7 ± 10.2 193 ± 13 
241 37.9 ± 17.3 199 ± 20 
Average for 
experimental 
sides 
21.2 ± 6 103 ± 60 
Control 18.4 ± 2.1   
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Figure 9 Histomorphometric analysis of the regenerated bone. A) Undecalcified section stained with Goldner’s 
trichrome, the area of bone regeneration is indicated with arrows. B) binary image of the surgical defect and the 
regenerated bone, C) The transformation to a binary image to count the number of pixels/µm. D, E, F illustrate 
the same steps as in A, B, C for the control (non operated) sides. The calculated surface area of bone at the 
experimental side was 15.3 mm2 and 18.4 mm2 for the non operated side, (A to C scale bars = 4 mm and D to F 
scale bars = 5 mm). 
mechanically stable environment, the presence of 
adequate vascularity and an intimate contact of the 
scaffold with native bone39-42. In our experiment we 
injected the bone cement around the bony margins 
of the defect as well as inside the muscular tissue to 
ensure direct contact of the cement with bone. 
However, the technique of injecting the cement 
within the muscle tissue was difficult to standardize 
fully due to the bulkiness of the muscle. Therefore, 
direct contact between the cement and surrounding 
native bone could not be confirmed. 
We utilised a pedicled muscle flap which acted as a 
bioreactor for the injected cement and cells and to 
maintain the vascularity at the surgical site, which is 
a major challenge in oro-facial reconstruction.  
 
 
Figure 10. Unstained undecalcified sections to 
evaluate the rate of mineralization using fluorescent 
microscopy (Zeiss Axioskop, Germany) and an R/G 
light filter (HBO 100, LEj, Germany). The image 
shows calcein blue (red lines) alizarin blue (blue 
lines) which was given at 8 and 11 weeks, 
respectively. The distance between the two lines 
(white bars) indicate the MAR (scale bar = 300 µm). 
 
 
 
Figure 11 An unstained undecalcified section showing 
bone regeneration and the pattern of tissue maturation at 
the experimental side under fluorescent microscopy. The 
image shows the mature lamellar bone (yellow arrow), the 
network like structure of woven bone (orange arrow), and 
the dividing line between different bone (reversal line) 
(green arrows), (scale bar = 300 µm). 
 
 
Figure 12. Undecalcified sections under fluorescent 
microscopy of various regions of the regenerated bone. A) 
Shows the woven bone superiorly and lamellar bone at the 
lower end, calcein blue (yellow arrow) located close to the 
woven bone and the alizarin complexion (red arrow) 
located close to the lamellar bone confirming the fast bone 
remodelling rate (scale bar = 200 µm). B) A section of 
regenerated bone adjacent to the loose fibrous tissue 
superiorly, the alizarin complexion red line (green arrow) is 
located next to the loose fibrous tissue and the blue line 
indicating the calcein blue close to bone deposition (red 
arrow) (scale bar = 300 µm).  
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Figure 13. Bar Charts showing the average surface area of the regenerated bone in mm2 of the examined slides 
and the percentage of the newly formed bone in comparison with the contra-lateral non-surgical side. The 
histomorphometry measurements at the surgical site showing the average amounts of regenerated bone, 
residual cement and soft tissue or marrow spaces. The average Mineral Apposition Rate (MAR) of the newly 
generated bone and the contra-lateral non-surgical control side. x-axis numbers are the identification numbers of 
the rabbits used in the experiment. 
Muscle contraction could have induced bone 
formation at the periphery of the defect as it has 
been previously reported43.The decalcified sections 
showed that the newly generated bone displayed a 
high degree of remodelling with an intricate network 
of woven bone trabeculae within the 
CERAMENT™lSPINE SUPPORT. The bone 
appeared mature and attained a lamellar structure 
at the periphery, whereas appeared more woven 
toward the centre. This pattern of bone formation 
was confirmed by dynamic histomorphometry. In 
general, the regenerated bone appeared to be 
thicker in the bucco-lingual direction compared to 
the non-operated site. The thickness of the 
removed bone did not exceed 1.5 mm. However, 
most of the formed bone was either laterally or 
medially to the created defect.  
 
Table IV. The average Mineral Apposition Rate 
(MAR) of the newly generated bone and the contra-
lateral non-surgical control side. 
 
Case number  MAR (µm/day) 
151  2.0 ± 0.3  
152  1.7 ± 0.3 
214 2.2 ± 1.2 
215 1.8 ± 0.2 
216 3.1 ± 0.9 
217 2.9 ± 1.2 
218  1.6 ± 0.6  
239 1.5 ± 0.6 
240  1.2 ± 0.4 
241 1.4 ± 0.3 
Average Operated 1.9 ± 0.6 
Average Control 1.1 ± 0.3 
Fluorescent microscopy showed a higher rate of 
mineral deposition compared to the contra-lateral 
non-operating control side. This finding is in 
agreement with micro-CT analysis which showed a 
less mature trabecular structure as it has been 
noted in our study.  
Decalcified histological assessment showed neither 
cartilage nor chondrocytes, but only bone 
regeneration at various levels of maturity. This may 
suggest an intramembraneous route for bone 
formation. This is in agreement with other work 
showing direct intramembraneous bone formation 
inside calcium phosphate ceramics implanted into 
extra-skeletal sites19,21. It is reasonable to consider 
that material osteogenesis follows the route of intra-
membranous ossification initiated by the presence 
and the differentiation of mesenchymal stem cells 
into osteoblasts.  We acknowledge that It is not 
possible from the design of this study to separate 
the mechanism of action of adding rMSCs from the 
cytokines in inducing bone regeneration. However, 
the newly formed bone within the muscle flap was 
closely related to the un-degraded residual cement 
which has played a major role in inducing bone 
formation and it is unlikely that rMSCs and BMP 
alone could have induced bone regeneration within 
the muscle.  
 
Conclusions 
The study provided a proof of the concept that bone 
formation can be induced within a pedicled facial 
muscle flap using injectable cement loaded with 
BMP-7 and seeded with rMSCS. The regenerated 
bone did not bridge the surgical gap in all the cases 
that is not surprising as the injected cement did not 
diffuse, at a micro level, between the muscle fibres 
J. Biomater. Tissue Eng. 5, 1–11, 2015  10 
and did not reach the proximal and distal bony 
margins of the created defect. Further development 
of this approach is required to improve the physical 
nature of the cement to allow a more 
comprehensive diffusion of the material within the 
muscle tissue. Refinements should be considered 
to guide the injection process and assure that the 
cement has reached the desired location. 
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